When I came to Iook again at the title of my talk, it appeared to me that it had not quite succeeded in defining the scope of my subject adequately. Let me say, therefore, that my purpose is to show that, given the empirical formula of a suitable derivative of a natural product in a satisfactory crystalline form, it is possible to arrive at the three-dimensional molecular structure in a direct mapner and with only minirnum assumptions, these being of a general type.
INTRODUCTION
When I came to Iook again at the title of my talk, it appeared to me that it had not quite succeeded in defining the scope of my subject adequately. Let me say, therefore, that my purpose is to show that, given the empirical formula of a suitable derivative of a natural product in a satisfactory crystalline form, it is possible to arrive at the three-dimensional molecular structure in a direct mapner and with only minirnum assumptions, these being of a general type.
The task of preparing this lecture was influenced, although not made easier, by the increase in the numbers of moderately complex molecules which have been subjected to X-ray analysis in the last few years. It appears probable that this increased interest (particularly in natural products) is not a passing phase, but a consistent change in attitude which may Iead, by its results, to a reconsideration of the röle of X-ray analysis in this field. Prospects exist for the growth of specialist groups to determine structures of natural products by the application of this technique.
There is little need to dwell on the reasons for determining molecular structure-such information is basic to any understanding of how molecules can be chemically modi:fied with intention and how they may be interrelated biogenetically. Although two-dimensional structural formulae have served weil in the past, it is clear from the extensive discussion of the inftuence of conformation and the increased interest in absolute configuration that a fairly detailed three-dimensional picture of the molecule is now required. This being so, the determination of molecular structure in such detail is the essential first stage in the study of a new compound and one which must be solved in as direct and rapid a way as is consistent with accuracy. A solution by classical methods through chemical degradation, and then confirmation by synthesis, offers an attractive and exciting task for many organic chemists; but even for moderately complex compounds, the number of man-years involved in the first step, i.e. solution of the structure, is becoming burdensome, particularly for those compounds with inter-linked ring systems-e.g. the recent description of the chemical constitution of limonin which involved 14 authors 1 • In this field, X-ray structure analysis may occupy a unique röle since, with certain conditions satisfied, it can be of general application. It is one in which the latent power of computers may be very effectively placed at the service of organic chemistry.
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I want to illustrate, by selected examples, how X-ray analysis has been of help in this aspect of organic chemistry, with particular reference to natural products 2 -5 , and how the co-ordination of facilities has greatly increased the prospect of this assistance in the future. To do so, we need first to deal with certain of the features which render the X-ray method peculiarly suited to this task.
The physical methods of determining molecular structure fall into two general types, and it is useful to appreciate the clear distinction between them. The first group deals with "fragmentary" information, i.e. it gives information primarily about " bits " of the molecule (groups or radicals). Of such techniques, the main representative isthat which measures changes in energy between the states of a molecule-ranging from ultra-violet through to microwave absorption. In many respects, these techniques resemble chemical degradative methods which also yield " fragments ", recognition of which permit these "fragments" to be fitted together to derive the molecular structure. Perhaps because of this similarity, the organic ehernist has been quick to appreciate and accept these techniques and make wide application of them. The second type of physical method is the diffraction technique which, by contrast with the first group, does not offer partial information-it represents an all-or-none approach to molecular structure. Wide use has not been made of this technique in the past but, as a result mainly of the availability of large electronic computers, this attitude may be changing. For this reason now is an appropriate time to indicate the scope of the technique.
X-RAY ANALYSIS
Outline of the X-ray method With regard to this aspect of the all-or-none approach, we may consider the diffraction of X-rays by a single crystal, taken over all orientations. Experimentally, we end up with an array on films of spots of varying intensity, each spot being related to a set of parallel planes in the crystal referred to by their Miller indices, hkl, and its intensity being related to an amplitude value, I F I· So we have an extensive Iist of measurements, I F(hkl) I· These arise from the periodic smooth distribution of electron density within the crystal, p(xyz), where x, y, and z are fractions of the repeat distances of the unit cell a.bxc. There are two relationships, (1) and (2) , between these quantities. If, however, the structure is asymmetric, as is extremely probable for a natural product, then o: may range from 0 to 2 7T', and it is obvious that the situation becomes complex. The possibility of a practicable solution of the crystal structure is then closely bound up with the size of the molecule and the number of molecules constituting the asymmetric unit, i.e. the total number of atomic parameters that must be determined. As to the various proposals for the solution ofthe general phase problem, i.e. for any arbitrarily selected crystal, I must refer you to more extensive treatments 6 , but here, if we set ourselves the more limi ted task of determining certain organic structures with some prospect of success, we must narrow our field to consideration of the " heavy atom" method as a means of yielding a first approximation to the phase angle. This does not mean that other methods cannot be used to solve such structures, e.g. hydroxydihydroeremophilone 7 , but to use them must involve a certain amount of chemical information, and, further, they are not yet adequately developed to deal with complex asymmetric structures. The heavy-atmn method offers the possibility of determining a structure with the minimum of assumptions and the minimum of chemical knowledge, and, because of these conditions, parts of the process can be made automatic. In principle, the restrictive conditions of the heavy-atom method mean that we cannot tackle any crystal offered, but must select a suitable derivative which contains one or more (but not too many) atoms of atomic number higher than those constituting the main bulk of the molecule, i.e. C, N and 0. For the small sacrifice of the added complexity of the heavy atom(s), we gain a more certain starting point in analysis.
The relative weight of the heavy atom In considering the general strategy for the structure determination of a compound of natural origin, the question arises as to what is the most suitable weight of the heavy atom with respect to the remainder of the molecule. Choice is frequently restricted by chemical considerations or the crystallizability of derivatives, but some numerical estimate is useful.
There are several factors involved. The value of j F I is formed of a vector sum of the atomic contributions (see equation (2) ) which, for convenience, we may consider in two parts-that due to the N heavy atoms NAH, and that due to the n light atoms nAL in which we are mainly interested since they constitute the molecular skeleton(s). The use of a very heavy atom will, by itself, give a very close approximation to the " true " phase angle, bu t d ue to the error inheren t in the measuremen t of I F 0 I (5-1 0 per cen t), we will not gain very exact information on the contribution of AL. On the other hand, if AH is not heavy enough, then there may arise uncertainties during the analysis which may retard progress-in the extreme, the analysis may not be able to start since it may not be possible to locate AH with certainty in the first stage. A useful measure for selection in compounds N n of moderate complexity is given by "EZfi./1:Zf., where ZH and ZL refer to the atomic number ofthe" heavy" and" light" atom types respectively. Values for typical analyses 4 covet a wide range with a mean value near 1· 0. Values above 2 · 0 have been used, but, for the vitamin B 12 -SeCN derivative8, a value of 0·46 (based on Co +Se) sufficed, and an even lower value of0·22 (for S) in tosyl-prolyl-hydroxyproline 9 permitted a successful analysis. Given the choice, it is preferable to veer on the low side, 0·6-0·8. The heaviness index does not provide a complete answer, since the heavy-atom technique depends also on the change in distribution of the magnitudes of I F I with increasing number of atoms ( see Figure 2 in a review by the a uthor 4 ).
This factor becomes of greater importance as the molecular size increases, and its significance is clear in the case of haemoglobin 10 and myoglobin 11 heavy-atom derivatives for which the heaviness index is extremely small. However, for the range of molecular size being considered here, the index is a useful guide*.
Experimental conditions
A successful analysis is not dependent only on the choice of a suitable derivative as indicated by the heaviness index, but is intimately tied up with the range and quality of the diffraction data. This aspect need be mentioned only insofar as it influences the analysis both as to speed of solution of the structure and the accuracy of the refinement. It is useful to revert to equations ( 1) and (2) to note a second aspect of their reciprocal relationship, i.e. between the shapes of atoms in real space (in terms of the electron density, p) and the distribution of the diffraction data, F(hkl).
For an isolated atom, the distribution in diffraction space is compared with 'the shape of an isolated atom in real space in Figure 1 . The broader the peak in diffraction space which corresponds to more extensive diffraction data, the sharper is the atom peak in real space, and hence it may be more readily and accurately located. Conversely, where the range of data is limited, the peak in real space is very diffuse. For adjacent atoms, the ability to site them accurately depends on the ability to differentiate them into separate peaks (see Figure 1 A. l\1cL. MATHIESOI\' compounds, the molecules and the atoms thereof are subject to considerable thermal vibration at room temperature, and the situation is more in accord with Figure 1 ( b) , the diffraction data falling off very rapidly with increasing angle. The possibility exists of changing this situation experimentally to the more advantageaus case, Figure 1 Figure 2 .
The second aspect of the experimental data is the magnitude of the r Fo I terms. For a given exposure, only a certain proportion of reftections will be recorded, all others lying below the background value or limit of visibility. To ensure that the maximum data are recorded so that amplitude termination will not inftuence results, the exposure must be the maximum practicable-an important factor for complex molecules if the analysis is being carried out with three-dimensional data. For a normal X-ray generator, it is not uncommon with crystals of natural product origin for each layer, of which there may be 5 to 20, to be exposed for 200-250 h, and thus the collection of the data becomes a major time-component of the analysis. To overcome this, the time factor can be reduced by the use of a high-power X-ray generator 17 • Because of the importance not only of the maximum amount of data but also of its full population over the whole observational range, a combination of a low-temperature adaptor with a high-power generator provides a considerable improvement in the range of data and the speed of collection. Thus, for the analysis of himbacine hydrobromide 18 , it has been found possible to record the selected 6 layers in 5 days, each exposure being from 5 to 8 h and the percentage population recorded being 90 it would require to be an automatic or semi-automatic process. Several designs have been proposed 22 , and it. is very probable that with increased need there will be an increased effort to make this aspect of structure analysis automatic.
Space groups--P21 and P212121
Before considering the methods used to extract structural information from the diffraction data, it is informative for this later purpose to mention the three-dimensional spatial arrangements which molecules adopt when persuaded to crystallize. There are 230 spatial arrangements (space groups) which are theoretically possible, but natural products crystallize in only a very limited number of these. Since the molecules of natural products are generally asymmetric and, in addition, have little internal symmetry, it is fouf!d in practice that the majority crystallize in one or other of only two space groups of the 138 theoretically available asymmetric space groupseither the monoclinic P2 1 or the orthorhombic P2 1 2 1 2 1 (see Table 1 ). The many analyses of amino-acids, peptides, sugars, purines and pyrimidines have been omitted from the list in Table 1 . This decision is arbitrary but appears valid for the author's purpose in that, for the majority of such compounds, their molecular formulae were not in doubt, details of conformation and configuration being the principal aim of the analyses.
Since the tactical approach to the solution of the structure is influenced by the space group in which it crystallizes, and since these two space groups dominate the field, we shall draw attention to certain of their featur.es and mention conditions imposed by their detailed symmetry. The relationships of the symmetry elements and asymmetric units are shown in Figure 3 . (ii) as viewed down the b axis; (iii) a symmetrized projection of (ii) due to phasing with a heavy atom in a special position
The symbols used for symmetry elements are standard (see International  Tables for X- Ray Crystallography, Vol. 1 (1952) ). For P2 1 , the situation is simple-deceptively so from a structural aspect. There is only one type of symmetry element and only one set of these-two-fold screw axes parallel to the b axis. There are only two asymmetric units in the unit cell, i.e. given one unit or molecule then the other unit or molecule can be described as and its symmetry-related atom can be regarded as disposed around a centre of symmetry. We have noted earlier that, where a centre of symmetry is involved, the phase angles defined by the heavy atoms degenerate to either
Hence, in this case, so far as the heavy atoms are concerned, the crystal structure is centrosymmetric and, if the heavy atom is used to initiate the analysis, it will impose this symmetry upon the diffraction data and thus upon the apparent structure. This situation is depicted in Figure 3 (a) (iii) in contrast with the real situation in Figure 3 (a) (ii). The situation may be described to a first, but necessarily crude, approximation by imputing half atoms on either side of the introduced reflection plane. For this situation, we therefore face a somewhat more intractable problem-the sites of the AL atoms (if we recognize them) are now of half-weight except on the introduced planes of symmetry. Of the 2n sites, assuming that all are located sufficiently accurately and none are spurious, we have to distinguish which atoms are related to which to form a molecule. At this point, we must recognize that for this space group P2 1 with one heavy asymmetric atom we require to apply tests of chemical sensibility in terms ofbond lengths and angles in the recognition of groups of stereochemical significance. The first complete analysis of a natural product-cholesteryl iodide by Carlisle and Crowfoot 25 -provides an excellent example of this dilemma. This situation does not apply to space group P2 1 2 1 2 1 , at least in theory, although any chemical generalizations are useful guides at all stages of an analysis.
However, for space group P2 1 they are a necessity. For such symmetrized structures, it is necessary to tilt the balance towards asymmetry in one direction or another by a conscious choice, e.g. in gelsemine hydroiodide 24 , acceptance of the existence of the indole ring decided the ba)ance in one direction and the remainder of the molecular skeleton was defined by gradually working outwards by iterative application of Fourier syntheses. Comparing the two -space groups for an asymmetric unit of one molecule, the amount of diffraction data per molecule is the same, and hence, under comparable circumstances, it is more desirable to carry out an analysis with a structure crystallizing in P2 1 2 1 2v since ambiguities are less likely to arise. For this reason also, the comparative numbers of structures in P2 1 and P2 1 2 1 2 1 which have been analysed (see Table 1 ), may have no statistical significance in terms of their distribution in Nature, but rather are representative of the relative difficulties of analyses with the respective space groups.
For P2v the ambiguity arising from the existence of one heavy atom in the asymmetric unit may theoretically be eliminated by introducing a · second heavy atom. This situation was found to exist in the case of the iodoacetate of epiliminol 26 , which crystallized with two molecules in the asymmetric unit, the two iodine atoms being at differenty Ievels. However, such a situation may well Iead to further complication as was found for jacobine bromohydrin 21 • Here also there were two molecules in the asymmetric unit, but the situationwas degenerate since both Br atoms were on the same y Ievel.
Vector distribution
With the experimental data, one more step may be carried through without assumptions other than those involved in the well-defined operations of the space group. Because the crystal is periodic in three dimensions, we may convert our data in diffraction space into an equivalent distribution in real space by means of a Fourier synthesis whose terms are I F j 2 • Since I F 1 2 = F.F*, this calculation (3) required no information regarding phase: is unavoidable in transferring to real space without information regarding phase angles. At the least, the vector distribution is equivalent to the data in diffraction space, and is more readily comprehensible in terms of bond lengths and angles and the generat stereochemistry of molecules.
Methods of analysis
We may now consider the steps by which the complete molecular structure can be extracted from the diffraction data. The first step is to determine the peaks corresponding to the AH-AH vectors in the vector distribution. These may be immediately obvious; but, if the AH atoms are of inadequate weight, then tests involving internal consistency of the vector distribution may be required to distinguish the true AH-AH vector peak from peaks of comparable size, due to coincidence of several minor vectors, e.g. in tosyl-prolyl-hydroxyproline 9 (Figure 4 ) and in cephalosporin C
•
Confirmation of the correct selection 'is particularly necessary where there are several atoms of only moderate weight; e.g. in the carbon tetrachloride adduct of sporidesmin 28 there are seven AH atoms to locate, two S and five Cl. However, we shall assume that the AH-AH vectors can be identified and that, from their location, the sites of the AH atoms in the unit cell can be deduced. This is the basic information to be used to locate the lighter atoms, so that they may be grouped to form the molecular skeleton(s) and the atoms differentiated into C, N and 0.
If the analysis is started from an empirical formula, we must have no preconceived ideas regarding the molecular shape. In the early stages, it will not be possible even to tell which regions in the unit cell enclose the molecule ( s), particularly if there is more than one molecule in the asymmetric unit. It is important not to superimpose one's ideas upon the data, since it is found in practice that it is extremely easy with asymmetric structures to persuade the data in the direction we wish it to go. This arises from the flexibility of definition of the phase angles and the large numbers of parameters involved in this type of analysis. This has been especially noted in the analysis of the vitamin B 12 group of compounds by Hodgkin and her co-workers1 9 , 2 0, 29 and we have had similar experience with jacobine bromohydrin 21 and thelepogine methiodide 30 • For this reason, it is important to handle the diffraction data so that the derived information should have maxi:Jnum structural significance, a minimum ofspurious detail, and Iead to the correct solution in a minimumnurober of stages. If one deviates from the right track, it will be possible to correct the error because of the inherent properties of the Fourier method, but this may require time-consuming cycles of calculation to resolve the dilemma. Since the data initially in the form of a vector distribution will be eventually unravelled, and the molecular structure presented more clearly in the form of the electron density distribution, the various approaches to the process of structure analysis by this method may be differentiated by the point at which the transfer from the vector map to the direct p map occurs. As we have noted previously, the vector distribution contains all the structure information with the minimum of assumption, and accordingly it appears advisable to use this function to extract as much structural information as possible before transferring to the electron density representation. 35 • These processes consist of placing in the vector distribution a search-polygon which may represent a part or whole of a molecule, com-bining the values at the vertices of the polygon (i.e. at atom centres) and transferring the combined values to form one value in a new derived distribution. The polygon (or molecule) is moved over all possible positions, keeping the orientation fixed, and the complete new distribution is derived. There is a variety of methods of combining the values, but, in practice, since we are dealing with a complex -situation, the individual operations must be uncomplicated and capable of rapid exploitation. The only ones which have proved satisfactory in use are the simple summation and the minimum function. We can see that if the search-polygon coincides with a nurober of high peaks in the vector map, a high peak is reproduced in the new distribution and this result will be structurally significant. Theoretically, one can start with only two atoms as search points and, as new atom sites are revealed, these are added to the search-polygon until finally the whole molecule is involved and the derived function shows only what was put inwith no spurious features. In practice, as is usual, many problems obtrude upon this idealized scheme, some of which are dealt with in Buerger's book Vector Space 36 • However, all operations are carried out on the vector function, and so the image-seeking approach is in accord with our premise. The process of image-seeking may be carried out by inspection, somewhat more exactly by hand calculation and most expediently by an electronic computer. Alternatively, the combination of the vector distribution by summation may be replaced exactly and often more conveniently by a Fourier synthesis with terms j F(hkl) 1 2 X ~c 37 , where ~c is the structure factor of the searchpolygon. An illustration of this laüer process is given in Figure 5 , which shows the influence ofincreasing the number ofatoms in the search-polygon. The final electron-density map is shown for comparison.
Although the vector distributionwas proposed by Patterson in 1935
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:0 Figure 6 . Part of the final three-dimensional electron-density distribution of erythraline hydrobromide. The group of atoms on the left forming rings A and B must be visualized as rotated 90° to join with the atomic group on the right through ring C. (i), (ii) and (iii) wet·e possible structural formulae on the basis of chemical evidence
With regard to natural products, this method was first developed and applied in the analysis of strychnine hydrobromide by Beevers and Robertson38 in 1950. Subsequently, Przybylska has made use of image-seeking by inspection in the analysis of annotinine bromohydrin 39 and demethanol aconinone hydroiodide 40 • The best example, using the F 2 X ~c method, has been by N owacki and Bonsma in their analysis of erythraline hydrobromide41. Here the structure was derived almost completely from the first image-seeking operation. Part of the final result is shown in Figure 6 , the three-dimensional array of atoms being in accord with structural proposals of Prelog and co-workers. The minimum image-seeking function has been less widely used in this field of natural products, a notable exception being the analysis of cellobiose 42 by Lipscomb and co-workers.
Before a systematic treatment of the vector distribution had evolved, the usual method of analysis was to discard the Patterson function as soon as the heavy atoms had been located, and to use the direct representation of 518 the electron density. At first, the representation would only approximate crudely to the "true" distribution, since phase angles were defined by the heavy atoms alone; but as single atoms or groups of atoms were recognized, their contribution to the phase angle was incorporated, and the cycle of structure factor and electron-density calculation repeated until the conditions for a satisfactory analysis were achieved, i.e. all peaks structurally significant used in (I) and (2) which established the value of the heavy atom method as yielding the molecular structure without assumptions was the analysis of Pt phthalocyanine by Robertson and Woodward 4~, while the first significant application to natural products was the analysis of cholesteryl iodide by Carlisle and Crowfoot 25 ( see Figure 7) . A striking exam ple of the a pplica tion of this method was given by Durritz in 1952. Despite rather difficult experimental conditions-decomposition of the crystal to a gum under X-radiation-an analysis of bromoamphenicol 45 was completed. In this, Dunitz succeeded in showing that the first three-dimensional electron density distribution, based on the Br atoms, yielded the three-dimensional atomic array of the molecular skeleton ( see Figure 8) .
The mostextensive application of the use of the direct distributiont is in the analyses of the group of vitamin B 12 compounds-wet and dry vitamin B 12 , vitamin B 12 -SeCN and the derived hexacarboxylic acid by Hodgkin and her co-workers 19 • Perusal of the work already reported 19 • 20 • 29 , describing an outline of the investigation of vitamin B 12 and the crystal structure of the hexacarboxylic acid (see Figure 9 ), will give a greater appreciation of the process of approximation to the complete and correct * To speed up the derivation ofthe complete structure, Sim 43 has proposed the weighting of individual /FI terms by a function representing the probability of the phase angle being Figure 8 . Sections of the three-dimensional electron-density distribution of bromoamphenicol from which the atomic ar~ay, shown above, was deduced structure. For the hexacarboxylic acid, an idea of the magnitude of the calculations involved may be suggested by the observation that there are 73 atoms in the molecule and ten three-dimensional electron density distributions were computed 20 • The story of this group of compounds is not yet complete, but it is already so extensive that it would be invidious to deal with it here. There would be little time left for the smaller molecules on which I have preferred to focus attention.
At this point we may note that, where a considerable part ofthe molecule is known, the process of analysis is much more rapid in achieving a final answer, e.g. in the case of calciferol 46 , which required only two cycles of three-dimensional calculation.
In the more recent analyses of natural products, e.g. those of iresin 4 7, aspidospermine 48 , gelsemine 2 ", aureomycin 49 , calycanthine 5 o, and kainie and allokainic acids 5 1, the use of the electron-density distribution as soon as the heavy atoms have been located has proved more popular than imageseeking methods. These analyses have usually involved quite a number of cycles of calculation to arrive at the final answer. It would, however, appear to be profitable to make a careful comparison of this method with that of the image-seeking methods, in particular to consider whether a combination Figure 9 . The molecular structures of (a) vitamin B 12 and (b) the hexacarboxylic acid derived from vitamin Bw as deduced from X-ray data; and the three-dimensional structure (c) of the hexacarboxylic acid, the atoms being indicated by contour sections near the atom sites. For clarity, the contoured distribution is shown in two parts: (i) the corrin nucleus; and (ii) the remainder of the molecule. Where atoms overlap in this projected view, groupings of sections at right angles are displayed adjacently of such methods would approach the correct result more rapidly. We may note that, in the analysis of strychnine hydrobromide 38 , an electron density map was used as a check on the results of the image-seeking procedure, while for epilimonol iodoacetate 26 , an image-seeking function by direct superposition was used as a check on the first electron-density distribution. In the analysis of jacobine bromohydrin 21 (a rather severe test-case due to the presence of two molecules in the asyrnmetric unit and the coincidence in y levels of the Br atoms), we first used three-dimensional image-seeking by calculation 37 ; but we were dissatisfied with the apparent large amount of spurious detail, so an electron-density distribution was calculated with a high cut-off, i.e. only terms for which the Br atoms contributed 45 per cent or more of their maximum value were used. . It was found that minor details were not coincident in the two distributions. Hence coincidences of positive peaks in both could be taken as structurally significant, and on this basis it was possible to extract 52 atoms which grouped into two chemically sensible molecules (identical to a first order)*. The resultant grouping of the molecules of jacobine bromohydrin is shown in Figure 10 . The structure amplitude comparison for the 55 atoms in the asymmetric unit are grouped in Table 2 . The data are grouped for constant k. The good agreement at low k is indicative of the general correctness of the molecular structure, while the steady trend of R with increasing k suggests that displacen'lent of atoms is required in the y direction, individually or a molecule as a whole.
The structure arrived at is in agreement with the formulation proposed by Geissman 52 , but gives in addition full details regarding conformation and configuration. · We have dealt mainly with three-dimensional methods of analysis, since these represent full use of the data, lead to a less equivocal result and are perfectly possible if one has easy access to a large-scale computer. There are, however, occasions when, for reasons of computer distance or economy, it may be advantageaus to use two-dimensional or partial three-dimensional data. The diffraction data for each layer may be dealt wit4 separately in the form of normal or generalized projectionst. The normal projection has considerable restrictions for work on natural products (e.g. the analysis * Although two molecules per asymmetric unit are a disadvantage to an analysis at an early stage, they provide useful supporting evidence of interna1 consistency during the later stages (see also epiliminol2 6 ).
DIRECT DETER~H~ATIO::\ OF MOLECULAR STRt.:CTt.:RES A. McL. MATHIESON of benzyl penicillin 53 , which was mainly two-dimensional m the early stages), but it may still be of assistance for smaller molecules. A case in point is that of the bromodilactone from jacobine 54 (see Figure 11 ), the structure analysis of which provides further corroborative evidence of the correctness of Geissman's deductions regarding this group of alkaloids from Senecio jacobaea L. 52 • For normal projections, the x,y parameters are determined by the position of the peak while, for the corresponding generalized Figure 12 . A combination of the normal projection and modulus projections for first-and fifth-layer data to produce clear resolution of the atoms. A line diagram of one molecule ( ( ± ) -cryptopleurine methiodide) is superimposed projections, the third parameter z is derived from the magnitude and sign of the peak value in the cosine and sine components. Because these latter distributions are two-dimensional in essentials, they can be handled more rapidly than three-dimensional distributions while it is possible to combine the two components, Cl and Sr, of any layer to yield I Pli = (C 2 l + S 2 z)l, a modulus projection which, with certain reservations, should be the same as the normal Po projection. Use was made of this property of modulus projections* in the analysis of ( ±) -cryptopleurine methiodide 55 , an interesting example since the structure first determined by X-rays (see Figure 12 while we have utilized both generalized and modulus projections in the analysis of himbacine hydrobromide 18 (see Figure 13 ) and thelepogine methiodide 73 • (a)l Figure 13 . A comparison of (a) the normal projection and (b) the modulus projection from first~layer data for himbacine hydrobromide. The absolute configuration of the molecular skeleton is shown in ( b) One invaluable technique which is auxi1iary to all the methods discussed above is the difference method, developed and systematized by Cochran 59 • The difference between the distributions based on F 0 terms and on Fe terms is calculated by equation (5):
In this new function, errors and discrepancies in the calcu1ation of structure amplitudes are accentuated, and can be identified and corrected. It has been used to determine the asymmetric vibrations of atoms and molecules and to revea1 errors in scattering curves. For our purposes, it can be used: In calculating the structure factors, the z parameter of one atom was misread as 0·219 instead of 0·421 9 • The difference map reveals this slip by the negative (dashed) region at 0·219, B, and a positive region at 0·422, C, to which the atom site badtobe shifted. Despite the fact that 55 atoms are involved, these two complementary features dominate the distribution
The most striking use of difference methods has, however, been to show the location of hydrogen atoms, e.g. as shown in Figure 15 60 • This requires fairly accurate intensity data, and is not indicative of the normal analysis of a natural product. For definite location of hydrogen, other techniques, e.g. N.M.R., aremorerapid once the skeleton has been defined. However, we must note that, if the X-ray analysis has been carrie<;l out with data of adequate accuracy and range and has been refined sufficiently, so that atom positions are accurately fixed, then it will be possible to place the hydrogen atoms on the basis of the stereochemistry of the molecule.
The determination of absolute configuration
So far we have been concerned with the derivation of the structure of the molecule from which details of conformation and the relative configuration can be defined. The final step, the determination of the absolute configuration, is a relatively minor step experimentally, but it has taken a rather long time to arrive at what is now obvious-a fairly persistent pattern in research. In 1930, Koster, Knol and Prins 61 showed experimentally that, using X-radiation whose wavelength was just short of the absorption edge for Zn, it was possible to distinguish the Zn side from the S side of the ZnS layer structure by the breakdown in Friedel's law, F 2 (hkl) = F 2 (hkl). It was, therefore, possible to establish the absolute orientation of any ZnS crystal or any other crystal of similar type. Twenty-one years passed before the significance of this observation for organic chemistry was recognized by Bijvoet, who put the idea to the test in a classical experiment with NaRb tartrate and ZrK cx-radiation 62 and first-layer cosine and sine generalized difference maps to pick out the hydrogen atoms at different levels of the third (y) dimension. Line diagrams of the four molecular skeletons in the unit cell, which have been subtracted, are superimposed the differences in intensity even when the heavy atom absorption edge lies a considerable way from the wavelength of the radiation used. This observation enabled the technique tobe applied without specialexperimental conditions. Thus, it was shown that it was possible to define the absolute configuration of strychnine hydrobromide 64 using Cu radiation. We have used this technique to define the absolute configuration of himbacine hydrobromide 18 and jacobine bromohydrin 21 . For a heavy atom such as I with Cu radiation, the effect of anomalaus dispersion is more marked than for Br, sincef" = + 7 ·2 for CuK radiation (f = fo + f' + if", where fo = -53·0). This is reflected in the larger differences in intensity, often readily visible to the eye; and, under such conditions, Przybylska and Marion have defined the absolute configuration 65 of (+)-des-( oxymethylene)-lycoctonine hydroiodide 66 and ( + )-demethanolaconionone hydrioiodide 40 (see Figure 16 ). Although of lesser interest, an alternative method more akin to the chemical approach is the introduction of a known absolute centre with the heavy atom 67 . With this technique, the analysis proceeds normally and the final structure contains its own reference standard. An example is the analysis of ( + )-S-methyl-L-cysteine-S-oxide 68 • The analysis of vitamin B 12 illustrates both methods, since the absolute configuration of the molecule in the earlier stages of the analysis was defined by reference to the D-ribose component 19 , while later this decision was confirmed by reference to the anomalaus dispersion of the Co atom in the hexacarboxylic acid 20 .
The definitive experiment of Bijvoet and his co-workers and its implications have already had considerable influence on the definition of configuration in organic chemistry, and have evoked a new set of rules by Cahn, lngold and Prelog 69 to overcome inconsistencies in nomenclature.
That the anomalaus dispersion effect ·may be of greater significance than the definition of configuration, that it may be of direct use in structure analysis, was realized early. However, since the intensity differences are small, the necessity for very accurate intensity measurement is one which has not yet been made completely practicable for complex molecules. It is clearly a technique with great possibilities, but the experimental problems of very accurate intensity measurements for a large nurober of reftections remain, a point which was made earlier.
CONCLUSION
I have attempted to indicate the peculiar advantages of this technique in the natural product field, in that it is not dependent on a mass ofassociated chemical evidence but is based on a few well-founded principles. Thus it would appear that the role of the X-ray diffraction method may lie, not in confirming fairly well-defined or worked-over structures, but rather in entering the :field at an early stage-before the hone has been weil chewedand deriving the structure rapidly. To have on hand even partial chemical information may give false confidence in steps and decisions which may later be found invalid-they will be corrected, but with expenditure of time and effort. It has appeared to us important to show that it is possible to work without supporting information. This was the main theme in our earlier work on lanostenol7 2 and cryptopleurine 55 , but in the analysis which we have just completed we have come nearest to the ideal conditions which we postulated. I will not give much detail, as these are to be given later, but indicate only the starting point and the end result. The alkaloid thelepogine 73 , from a grass, was available only in very small amount. A microanalysis of the alkaloid and of its methiodide (now regarded as C 21 H 34 0NI) were · available, tagether with an estimation indicating only one C-CH 3 group. The X-ray analysis of the methiodide was begun towards the end of last year, and the result so far is shown in Figure 17 . The molecular skeleton has been located, the N and 0 differen· tiated and the bond lengths and angles sufficiently well-defined to determine the location of double-bonds and the most probable disposition of the hydrogen atoms. Not only are the configurations of the six asymmetric centres in the molecule placed on a relative basis, but the absolute configuration shown in Figure 17 has been defined by the use of the anomalous dispersion of the I atom to the CuK.x radiation used in the analysis. One point which was unexpected and may be of chemical interest is the existence within the molecmlar skeleton of a pyrrolizidine ring system which has the same absolute configuration as found in jacobine bromohydrin.
The deduction from the evidence which we have presented is that, in the range of molecules up to 100 atoms (excluding H), and probably beyond, the structure can be solved in a time which compares favourably with other physical methods, provided that certain preliminary conditions are satisfied and a computer of reasonable storage and speed is available. Nor need this work necessarily involve a large team-the three analyses, of himbacine hydrobromide 18 , jacobine bromohydrin 21 and thelepogine methiodide 30 , some details of which I have used to illustrate various points, were initiated and solved in a period of less than two years. Because of the mass of detail required for an analysis and the extensive data derived from the work, however, it is important to use this technique for compounds either of great significance in themselves or those which provide a structural key to a group of compounds. 
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